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BLAST NOISE PREDICTION
VOLUME I: DATA BASES AND COMPUTATIONAL PROCEDURES

1 INTRODUCTION

Background
Over the past several years, the U.S. Army Construction Engineering Research Laboratory

(CERL) has gathered data from various sources dealing with blast noise generation and propagation and
has performed several sets of field exercises designed to further develop information regarding blast
noise sources and the propagation of blast noise in the atmosphere. These CERL studies include meas-
urements of the propagation of 735 five-pound charges set off at a central location at Fort Leonard
Wood, MO,' measurements at Fort Sill on the directivity pattern of all of the Army's major weapons,2

and small-scale studies at Fort Sill, OK and Fort Leonard Wood (Appendices A and B) designed to
examine the weight relation between blast charge size and blast amplitude and duration. These studies
were performed as a part of efforts aimed at developing approved methods of predicting the impact of
blast noise at military installations. Data generated by these studies are used in the CERL-developed
Blast Noise Prediction computer program (BNOISE 3.2), designed to predict the noise impact of mili-
tary installations resulting from the blast-producing operations of armor, artillery, and demolition.

Purpose
The purpose of this report is to develop and explain the relations between and among various data

developed to predict the blast noise impact of Army facilities, and from these data bases, to develop the
computational procedures used within the Blast Noise Prediction computer program. This volume
describes data bases and computational procedures.

Outline of Report
The present Blast Noise Prediction computer program implements several technical procedures

and uses several data bases, e.g., tables containing the expected magnitude distribution of blasts pro-
pagated in the atmosphere. This report devotes separate chapters to each of the separate data bases or
procedures, arranged so that later chapters build on data developed in earlier chapters.

Chapter 2 describes and explains the blast amplitude statistics derived from the first Fort Leonard
Wood measurements; Appendix A describes the test itself and Appendix B contains intermediate
results. Chapter 3 explains the procedures by which the present Department of Defense (DOD) cut-off
(85 decibels [dBJ C-weighted sound-exposure level [CSELI) is implemented. Chapter 4 explains the
method developed to translate the data base developed in Chapter 2 from one geographic location to
another.

Appendix C contains an analysis of the effects of wind on blast propagation, and Appendix D con-
tains a further analysis of meteorological effects and suggests possible improvements to the prediction
method.

At Fort Leonard Wood, the standard signal source was a 5-lb charge of C-4 plastic explosive set
off at ground level; at Fort Sill, the standard source was a 5-lb charge of C-4 set off 3 ft (0.9 m) above
ground level. Chapter 5 develops the means to relate these data to one another. The weapon contours
developed at Fort Sill are adapted for use by the computer program described in Chapter 6. Chapter 7

P. D. Schomer. R. J. Goff, and L. M. Little. The Statistics of Amplitude and Spectrum of Blasts Propagated in the Atmosphere,
Volumes I and I, Technical Report (TR) N-13/ADA033361 and ADA033646 (U.S. Army Construction Engineering Research
Laboratory [CERLI, November 1976).

2 P. D. Schomer. L. M. Little, and A. B. Hunt, Acoustic Directivity Patterns for Army Weapons, Interim Report (IR) N-
60/ADA066223 (CERL, October 1978).
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examines the growth function of various blast parameters as a function of the weight of charge.
Volume 11 of this report describes the Blast Noise Prediction computer program.

Mode of Technology Transfer
The program and documentation for the Blast Noise Prediction computer system will be available

from the Department of the Army Assigned Responsible Agency (1981).

10
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2 BLAST PROPAGATION STATISTICS

General
This chapter summarizes the results of measurements performed at Fort Leonard Wood. Basi-

cally, during these measurements, 735 five-pound charges of C-4 plastic explosive were set off at
ground level at a central location. Simultaneous recordings were made at 1000 and 2000 ft (305 and
610 m) and at 1, 2, 5, 10, and 15 miles (2, 3, 8, 16, and 24 kin). Concurrent with the acoustical tests
and measurements, a special Federal Aviation Administration (FAA) airplane monitored and recorded
pertinent meteorological data including wind speed and direction, temperature, and humidity. Figure 1
illustrates the test setup.

There were two acoustical data collection systems:
1. At 1000 and 2000 ft and I mile (305 and 610 m and 2 kin), unmanned transducer stations

were used. These devices all sent their data back to a central control van via land cables.
2. At 2, 5, 10, and 15 miles (3, 8, 16, and 24 km), manned measurement stations were used.

Each of these stations contained its own special low-frequency recorder.
Equipment at the manned stations included a 1-in. microphone and wind screen, and a sound-

level meter used to measure peak amplitudes and to act as a pre-amplifier for the low-frequency tape
recorder. Equipment at the unmanned stations included a remotely adjustable pre-amplifier which
powered its own 1/2-in, microphone. An FM-type tape recorder was used at the control van.

CERL Technical Report (TR) N- 13, Statistics of Amplitude and Spectrum of Blasts Propagated in the
Atmosphere, details the analysis and reduction of data from the manned stations and the analysis and
reduction of meteorological data. Peak values were determined for these acoustical data and one-third-
octave spectra were obtained using special laboratory instrumentation. Energy-weighted measures were
then developed from the one-third-octave data. Appendix A describes the recording and analysis of the
close-in, Fort Leonard Wood data, i.e., data from 1000 and 2000 ft and 1 mile (305 and 610 m and 2
kin). These data were reduced to peak levels and various frequency-weighted energy levels without the
intermediate step of developing the one-third-octave bands. This direct analysis was made possible by
means of the CERL-developed environmental noise monitor, described in CERL TR N-41, True-
Integrating Environmental Noise Monitor and Sound-Exposure Level Meter, Volumes I through IV. 3

Amplitude Statistics
In CERL TR N-13, data were divided at each distance into different amplitude ranges. This distri-

bution was done on the basis of the peak sound level, the data from TR N-13 is listed in Table I. The
initial data (by distance) were presented in the form of a distribution; natural breakpoints were then
chosen. To develop smooth distribution functions, minor perturbations to these breakpoints were
selected. (This process is more fully described in Chapter 4 of TR N-13).

Virtually the same process has been used in this chapter to divide close-in data into amplitude
ranges and frequencies of occurrence. However, because the CSEL is currently the required measure
for environmental assessments, 4 the TR N-13 data have been divided and analyzed in this chapter on
the basis of the CSEL rather than peak level. Appendix B contains these new amplitude distributions
along with an indication of the initial and final breakpoints. Figure 2 illustrates a typical C-weighted
amplitude distribution. Table 2 contains CSEL statistics for the close-in data; in order to couple the

A. Averbuch. el al., rgb-t I-lnkgratgn t.gnviroann h'ial msoi(, Afitgigot anid .(%cgugd I[4pltrv /.c(I I 'tfar. Volume I, IR N-
41/AI)A060958 l('-RI.. May I1781; Iijm, /t: Wiring anid Part% I.si.s. Part\ I.avogts, anid S(liheiant. I)A072002 (CIRl.
I 179)) alohinc I1: VIt(ropron. or Prgg,ragn aid Data Ihterla c I)ru riputir and I i /gl, I I " Ithanh , al ( ointuirtag oti atilf ' tr( ol

(hvA.Ogti, AI)A083320 and AI)A0X3321 (IUIR1. March I19(N)
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close-in and the far-out data* from the Fort Leonard Wood tests, peak data from the far-out stations
have been converted to CSELs (Table 3).

For completeness, peak level data are presented for the same groupings as chosen for C-weighted,
close-in data. Table 4 contains peak level (energy) averages which have been computed for data
grouped as per Table 2. Figures 3 and 4 contain C-weighted amplitude information from Tables 2 and
3, by day and by night. Figures 5 and 6 contain the peak level amplitude distributions from the data
contained in Tables I and 4, by day and by night. Several facts are notable about the curves in Figures
3 through 6:

1. For the lowest level range at far distances, the curves tend to flatten out; a dashed line shows
the true direction of these data. The flattening occurs when levels are low enough to be in the noise
floor of the instrumentation and/or ambient.

2. The lowest and highest amplitude range data tend to disappear at short distances. This is as
expected. As the muzzle of the gun or the source of an explosion is approached, the amplitude level
becomes more constant and independent of terrain or weather conditions. Beyond the point where
measured data exist, these curves have been extended and shown as dashed lines converging at or near
the source. They are shown as dashed lines because, although they may indeed exist, their likelihood
of occurrence is so low that they were not measured during the Fort Leonard Wood tests. Thus, Table
2 lists these values with a percentage of 0. The point of convergence is chosen from the solid line on
the figures. These solid lines are developed and shown in Figures 7 and 8 for peak and C-weighting,
respectively. They represent a straight line fit (least squares) to the total (energy averaged) day and
night data.

3. TR N-13 established that the "base" zone curve corresponds most nearly to sound propagated
under a standard type of atmosphere. It is interesting to note that a best-fit straight line to these curves
approaches the same value for the data by day and by night, further supporting the concept that, at the
muzzle of a gun or at the source of a blast, the amplitudes are independent of weather or terrain.

4. The fact that the curves in Figures 3, 4, 5, and 6 show no great discontinuities indicates that
there are no systematic differences either between the data gathered at the unmanned or manned sta-
tions or between any of the individual unmanned or manned distances. They thus serve as a good
check on the overall validity of the data.

5. When the differences between peak levels averaged on an energy basis were compared to
CSEL levels averaged on an energy basis, it was found that the differences (by day and by night) for
the four amplitude groupings grow toward a 25-dB limit as distance decreases, i.e., multipaths cease to
exist but shock wave remains, indicating a generally higher frequency content (Table 5).

2, 5, 10 and 15 miles (3, 8, 16, and 24 km).
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Table I
Statistics of Blast Propagation-Peak Sound-Presure Level

(Zone Averages) and Frequency of Occurrence (S lb on Ground)

Distance Zone 10 Zone 2* Zone 3* Zone 40
Time miles (km) ExN N B F

0500 to 2(3.2) 93.0 dB 105.1 dB 114.6 dB 121.9 dB
0700 hours 25.4% 29.5% 39.0% 6.1%

5(8.0) 74.8 dB 89.3 dB 101.0 dB 110.0 dB
33.8% 31.3% 27.3% 7.6%

10(16.1) 72.8 dB 83.8 dB 95.1 dB 105.8 dB
47.9% 25.0% 20.0% 7.1%

15(24.1) 71.6 dB 80.5 dB 92.7 dB 105.3 dB
45.2% 33.7% 16.7% 4.4%

0700to 2(3.2) 95.7 dB 105,9 dB 114.3 dB 123.0 dB
37.5% 39.6% 20.6% 2.3%

5(8.0) 75.9 dB 90.0 dB 102.0 dB 112.2 dB
29.5% 35.0% 25.9% 9.6%

10(16.1) 71.1 dB 83.1 dB 95.0 dB 105.3 dB
25.9% 32.6% 31.8% 9.7%

15 (24.1) 69.1 dB 79.9 dB 91.6 dB 102.3 dB
34.8% 32.1% 30.0% 3.1%

*Zone headings refer to the sound velocity prorde:
ExN = Excess Negative

N = Negative

B = Base
F = Focus

Table 2
CSEL Zone Averages and Frequency of Occurrence (5 lb on Ground)

Distance Zone 1* Zone 2* Zone 3 Zone 4*
Time ft (m) ExN N B F

0500to 1000 103.4 115.3 121.2 127.3
0700 hours (304) 0.0% 72.66% 27.34% 0.0%

2000 94.5 104.2 114.1 121.2
(610) 8.12% 44.21% 47.67% 0.0%

5280 79.5 90.8 101.5 107.8
(1610) 7.15% 24.35% 65.86% 2.64%

0700 to 1000 103.0 114.1 121.9 129.0
1100 hours (304) 2.24% 72.69% 25.07% 0.0%

2000 93.9 103.3 113.6 120.9
(610) 8.34% 59.22% 32.44% 0.0%

5280 83.8 94.2 102.7 110.2
(1610) 16.13% 64.88% 18.53% 0.46%

$Zone headings refer to the sound velocity profile:
ExN - Excess negative

N , Negptive
B , Base
F - Focus

13



Table 3
CSEL Zone Averages Converted firomt Peak Data Zones in Table I (S lb on Ground)

Distance Zone Is Zone 20 Zone 3* Zone 4*
Niotoo miles (kmn) ExN N 3F

(0500 to 2 (3.2) 70.1 83.8 92.2 98.3
0700 hours) 5(8.0) 57.4 70.3 81.6 88.6

10(16.1) 56.1 ~ 65.3 75.7 84.9

15 (24.1) 54.9** 61.8 73.0 83.5

Day"

(0700 to 2(3.2) 74.0 82.8 91.3 99.4
1 100 hours) 5 (8.0) 57.4 70.7 82.0 91.0

10(16.1) 53.9** 66.3 76.6 84.4

15 (24.1) 53.1** 62.7 72.7 81.6

* Zone headings refer to the sound velocity profile:
ExN = Excess negative

N = Negative
B = Base
F = Focus

"*The values used by the computer are:
Night: 10 miles (16.1 kin) = 52.0; 15 miles (24.1 kin) = 48.5
Day: 10 miles (16.1 kmn) = 51.5; 15 miles (24.1 kin) = 46.0

Table 4
Peak Level Zone Averages for Zones in Table 2 (5 lb on Ground)

Distance Zone P Zone 2* Zone 30 Zone 40
Tinme ft (M) ExN N B F

0500 to 1000 (305) 131.5 139.7 144.5 148.0
0700 hours 2000 (610) 119.3 128.6 137.3 143.0

5280(1610) 104.7 115.4 125.0 132.9

0700 to, 1000 (305) 127.9 137.9 145.6 149D.0
1100 hours 2000 (610) 118.3 127.0 136.5 144.0

5280(1610) 109.5 118.1 126.0 134.4

*Zone headings refer to the sound velocity profle:

ExN - Excess negative
N - Negative
3 - Ban
F a Focus

14



Table 5
Peak Level Minus CSEL by Distance and Propagation Group

Zone 1* Zone20 Zone3P Zone 4*
Time Distance ExN N B F

0500 to 1000 ft (305 m) 25.5** 24.4 23.30 23.5**
0700 hours 2000 ft (610 m) 24.8 24.4 23.20 24.50*

1 mile (1.6 kin) 25.2 24.6 23.10 22.1

2 miles (3.2 kin) 22.9 21.3 22.4 23.6

5 miles (8.0 km) 17.4 19.0 19.4 21.4

10 miles (16.1 kin) 16.7 18.5 19.4 20.9

15 miles (24.1 kmn) 16.7 18.7 19.7 21.8

0700 to 1000 ft (305 m) 24.9 23.7 23.7 24.0**
1100 hours 2000 ft (610 in) 24.4 23.7 22.9 25.5**

1 mile (1.6 kin) 25.7 23.9 23.3 24.2

2 miles (3.2 kin) 21.7 23.1 23.0 23.6

5 miles (8.0 kin) 18.5 19.3 20.0 21.2

10 miles (16.1 kin) 17.20 16.8 18.4 20.9

15 miles (24.1 kin) 16.0 17.2 18.9 20.7

Zone headings refer to the sound velocity profile:
ExN = Excess Negative

N - Negative
B - Bane
F a Focus

"CExtrapolated from the extended curves.
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Figure 1. Array of measurement stations.
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3 IMPLEMENTATION OF A HIGH-AMPLITUDE REQUIREMENT

In Chapter 2, distribution data were developed (Tables 2 and 3) which provided amplitudes and
frequencies of occurrence for CSELs in four blast magnitude ranges. These data alone are enough to
predict the total CSEL impinging on any point in space, they are also flexible enough to indicate near
maximum levels and to allow for the inclusion of some type of "impulse correction factor" should that
be deemed desirable in the future. However, current procedures used by DOD and the National
Academy of Science require the exclusion of all data having CSELs below a given threshold.'
Currently, the threshold is 85 dB during the day and 75 dB at night. The purpose of this chapter is to
consider and develop means to implement a threshold requirement given the data base developed in
Chapter 2.

To implement a threshold requirement given the data developed in Chapter 2, it is necessary to
not only specify the mean sound-exposure level (SEL) values for a given magnitude range (along with
frequency of occurrence), but also to describe the extent or boundaries of these magnitude ranges.
Table 6 lists the breakpoints or zone end points used to divide the C-weighted close-in data into its four
zones. Table 6 includes breakpoints and endpoints for range I and 4 data for which the frequency of
occurrence is 0. These extensions are provided only for completeness and convenience within the com-
puter program within which they are ultimately used, since they occur (in Table 2) with a probability of
0.

As discussed in Chapter 2, TR N-13 far-out data (i.e., data gathered at 2, 5, 10, and 15 miles 3,
8, 16, and 24 km]) were divided and portrayed on the basis of peak amplitudes rather than CSEL
(Table 7). Given the peak amplitude and the CSEL differences for the various range amplitudes
derived in Chapter 2, these breakpoints have been converted to CSEL on a proportional basis. For
example, for 5 miles (8 kin) daytime, the focus or range 4 peak amplitude (Table 1) is 112.2 dB and
the base or range 3 amplitude is 102.0 dB. The corresponding mean CSELs are 91.0 and 82.0 (Table 3)
for peak minus C-weighted differences of 21.2 and 20.0 (Table 5). The peak breakpoint between these
two ranges given by Table 7 was 106.5 dB. This peak value is converted to a CSEL by the following
formula:

CSEL BOUNDARY (i,i-1) - Peak Boundary (ii-) - (PC()+PC(i-I))/2 [Eq II

where PC(i) is the peak level minus the CSEL for the ith range.

Using this formula, the data from Table 7 have been converted to CSELs and presented in Table
8. As with Table 6, Table 8 includes endpoints for range I and 4 data. Figures 9 and 10 combine data
from Tables 6 and 8, plotted as a function of distance. These figures also indicate the mean SEL within
the described ranges.

To implement a threshold cutoff requirement, the data in any range must be analytically modeled;
i.e., the frequency distributions represented by histograms such as Figure 2 must be analytically approx-
imated. Within any of the four magnitude ranges, the simplest amplitude distribution function that can
be considered is a constant. Figure 11 illustrates the data taken from the base day amplitude magnitude
range of Figure 2, plus a constant amplitude distribution used to approximate these data. This constant
is selected such that the total number of events represented by the range remains invariant. The total
sound exposure, E, is given by

E - !7l(LE)1L'IOdL, [Eq 21

where q (LE) is the density of events as a function of SEL LE.

mEvironmental Prot'tion, Planning in the Noise Environment. TM 5-803-2, AFM 19-10. and NAVFAC P.970 (Departments of the
Air Force, Army, and the Navy, 15 June 1978)- Air Installation Compatibk' Use Zones, 32 CFR 256 (4 January 11477,. and
Guidelines .lor Preparing Environmental Impact Statements, Report of Working Group 69 (The National Research Council. Com-
mitec on Hearing, Bioacouslics. and Biomechanics Assembly of Behavioral and Social Sciences. 1477).
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Letting fbL1 e LA (E 11

J10"1 AEd - ic (Eq III

and solving Eq 8 and 9 yields

N(4,-C) (Eq 121
Z. A - EA C

and

N(EA - AE)
klA- C (Eq 13]

Now, using q1 and 712, the total sound exposure EN, above any arbitrary value Lo, can be calcu-
lated approximately for the following cases:

1. L0 <a

2. a<L0 <b

3. b<L0 <c
4. Lo>c

In Case 1, if Lo < a, then EN = E.

In Case 2. ifa < L < b, then

EN- E- f1 L'' loL./I0dLE. [Eq 141
a

In Case 3, b < Lo < c then

EN--_'"' 10L,110 (Eq 151

In Case 4, L0 > c then EN = 0.
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The total number of events N is given by

N- fi(L.)dLAt. [Eq 3)

and the average sound exposure per event is

- E/N [Eq 4)

If q0 approximates q (LE) such that
N - 'qo(b-a) [Eq 51

then

- 1[Eq 6]
a

and

Eo= E,,/N [Eq 71

which is not necessarily or generally equal to E.
Eqs 2 through 7 show that a single constant frequency distribution allows the number of events to

remain invariant, but does not allow any means to simultaneously adjust both the total sound exposure
and the number of events represented by the distribution. Thus, a somewhat more complex model is
required -- a model which holds both the number of events invariant and keeps the total energy within
a range invariant requires a distribution represented by two constants. One of these constants is for
data lying below the (energy) mean SEL value, and the other is for data lying above the (energy) mean
SEL value.

The two-constant approximate distribution is shown in Figure 12 for the same data as Figure 11.
If two frequency distribution constants, 9 1 and q are provided, both the total sound exposure and
total number of events can be kept invariant. TheTollowing equations solve for 71 and iq, in terms of
(1) the magnitude range and levels, (2) the total sound exposure represented y t he niagW 4e range,
and (3) the number of events represented by the magnitude range. Once v values are o6fained, it
is a simple matter to determine the total sound exposure for events lying abovte any given threshold.

Eqs 2, 3, and 4 show how E, N, and E can be calculated. In this case, however, if one approxi-
mates 71(LE) by q and ' 2 , then one can require that both

N - 11 A +,92C [Eq 81

where A - b-a and C - c-b

and that

E- 71, 1OL1/10dLF + 7l2 f l oL/0dLE [Eq 91

Eqs 8 and 9 are two equations in two unknowns, 7)1 and q2"
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Table 6
CSEL Range Boundaries at 1000 and 2000 ft and I mile (5 ib on Ground)

Distance Range 10 Range 20 RangeP Range 4
a

Time ft (m) ExN N 3 F
MIN MAX/MIN MAX/MIN MAX/MIN MAX

0500 to 1000 97.7 105.5 118.5 125.5 129.0
0700 hours (305)

2000 86.0 96.5 108.5 119.5 124.0
(610)

5280 72.0 83.5 95.5 109.5 112.8
(1610)

0700to 1000 94.0 104.5 118.5 128.5 129.0
1100 hours (305)

2000 87.6 96.5 109.5 120.5 123.5
(610)

5280 75.5 87.5 98.5 108.5 114.2
(1610)

*Range headings refer to the sound velocity profile:

ExN = Excess negative
N = Negative

B = Base
F = Focus

Table 7
Peak Level Range Boundaries at 2, 5, 10, and 15 miles (5 lb on Ground)

Extension of Values (dB)
Distances ka ..je 1* Range 20 Range 3 Range 4*

Time mile (km) (ExN) (N) (B) (F)

Night 2(3.2) 50-97 98-109 110-119 120-135
5 (8.0) 50-80 81-93 94-106 107-135

10 (16.1) 50-76 77-88 89-100 101-135
15 (24.1) 50-73 74-83 84-97 98-135

Day 2(3.2) 50-100 101-109 110-119 120-135

S (8.0) 50-80 81-95 96-106 107-135

10 (16.1) 50-73 74-87 99-100 101-135

15 (24.1) 50-70 71-83 84-97 98-135

*Range headings refer to the sound velocity profide:

ExN = Excess negative
N - Negative

B - Base
F" Focus
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Table 8
CSEL Range Boundaries at 2, 5, 10, and I5 miles (S lb on Ground)

Disanc RangelI Range2$ Range P Range 4
Time ft (m) ExN N 3 F

MIN MAX/RUN MAX/MIN MAX/RUN MAX

0700 to 2 (3.2) 61.0 75.4 87.7 96.5 103.3
0500 hours 5 (8.0) 47.5 62.3 74.3 86.1 93.6

100(6.1) 41.5 58.9 69.6 80.4 89.9

15 (24.1) 37.5 55.3 64.3 76.8 88.5

0700 to 2(3.2) 65.0 78.1 86.5 96.2 104.4
1100 hours 5(8.0) 47.5 61.6 75.9 85.9 96.0

10(16.1) 41.0 56.5 69.9 80.9 89.4

15 (24.1) 35.0 53.9 65.5 77.7 86.6

*Range headings refer to the sound velocity profile:

Exn - Excess negative
N = Negative
B = Base
F = Focus
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4 DEPENDENCE OF PROPAGATION STATISTICS ON LOCAL CLIMATE

In Chapter 2, magnitude range statistics were developed for data gathered at Fort Leonard Wood,
in Chapte r 3, means were developed for instituting a threshold or cutoff within computational pro-
cedures used to predict environmental noise impact. Since the data in Chapter 2 represent measure-
ments made over approximately a 4-week period in the spring of 1973, it is necessary to develop pro-
cedures whereby these data can be generalized to other geographic regions and other times of the year.

CERL TR N- 13 established the dependency of the four amplitude ranges on meteorological condi-
tions. Specifically, the "focus" range occurred during conditions when the sound velocity underwent a
double inversion, i.e., it first decreased with altitude, then increased with altitude, and then again
decreased with altitude. "Base" or range 2 conditions occurred when there was a very weak focus or
under conditions of a single inversion; i.e., when the sound velocity first increased with altitude and
then began to decrease with altitude at some upper level. The lower level data (ranges 3 and 4)
occurred when the sound velocity profile decreased with altitude or within the shadow region of a focus.
Thus, one of the ingredients in translating the Fort Leonard Wood data to other locations and to other
times of the year is knowledge of the long-term statistics relating to the sound velocity gradient.

The sound velocity gradient is approximately given as a linear function of temperature and wind.
Unfortunately, since wind is a vector, it is different in different directions.

The weather bureau has gathered upper atmosphere statistics at approximately 50 sites spread
more or less evenly throughout the continental United States. These statistics separately categorize
temperature inversion frequencies of occurrence and gradients, and wind direction gradients and veloci-
ties.

There is no known, clearcut way of combining the weather bureau's temperature and wind data
into sound velocity profiles which can be used to form data-translation equations. Appendix D contains
a possible approach to this combinational problem, but requires a significantly larger data base gathered
from several additional sites for validation and refinement. Additional measurements of the type car-
ried out at Fort Leonard Wood will be performed at other locations which will provide different types of
terrain and meteorological conditions. These data will lead to a more sophisticated model.

Results from CERL TR N-13 do make clear the fact that there is no simple relation between wind
direction and received sound magnitude. Appendix C correlates CERL TR N-13 data with wind direc-
tion, and shows that early in the day at the more distant stations, the upwind direction is consistently
the louder direction. Later in the day at shorter distances, the downwind directions exhibit the greater
amplitudes.

Because of the ambiguity between upwind and downwind conditions, and because prevailing winds
typically change with season (yearly contours are normally the type created), it has been decided at the
present time to only use the temperature inversion statistics to develop data-translation equations.
Clearly, when more is learned and the data base is enlarged, these temperature-based translations can
possibly be modified to better reflect the contributions of the wind factor.

Current translation procedures have been developed based on temperature inversion statistics.
Weather bureau data are gathered nationwide at 0000 and 1200 Greenwich Mean Time (which
translates to 5 AM and 5 PM Central Daylight Time [CDT]). For the purposes of this report, only the
5 AM data are used, since these data correspond to the time period during which the Fort Leonard
Wood measurements were performed, and since the analysis which follows indicates that this is the
most reasonable data of the two available to use.

Examination of the far-out data (2, 5, 10, and 15 miles 13, 8, 16, and 24 km) shows that the
occurrence of focus situations typically sweepsout in distance as a function of time. This phenomenon
occurs because as 1he normal nighttime inversion "burns off," it rises up from ground level and dissi-
pates. Occasionally, low cloud layers (above which a sharp temperature inversion occurs) or strong
wind shears constitute a reflecting layer. However, since the early morning inversions typically sweep
out in space as a function of time and are related to the nighttime and early morning inversions, the
early morning inversion frequency was chosen as the translation factor for daytime use. The assertion
is made that the probability of a daytime focus is proportional to the probability of an early morning.
nighttime inversion.
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The early morning nighttime inversion frequency of occurrence (ground level to 500 ft [152 m])
was gathered from the weather bureau data for the season during which the Fort Leonard Wood meas-
urements were made. The ratio at any location and for any season to these occurrence values for the
Fort Leonard Wood area is used to translate the daytime statistics from one location and season to
another. Specifically, the ratio R1) of early morning inversions at an altitude of 0 to 500 m at the loca-
tion in question over the entire year or season in question as compared to these data at Fort Leonard
Wood is used as a factor to multiply the frequency of range 3 or range 4 data and is given by

R, = INVI + INV2
INVI, + INV2,, IEq 161

where INV I is the ground level and INV2 is the I to 500 m inversion frequencies at the site in ques-
tion; INVI o and INV2 o refer to these same quantities at Fort Leonard Wood for the period of the tests.

The amount by which range 3 or range 4 is increased (or decreased) is, on a proportional basis,
subtracted from (or added to) the negative and excess negative data.

Nighttime conditions fall into two categories:
1. Simple, single, ground-level temperature inversions which are typical of clear nights. This type

of condition will affect sound propagation at relatively short distances -- perhaps 5 miles (8 km) or less.
2. Higher level inversions and double inversions exist at some frequency of occurrence, and will

cause large magnitudes to be received at greater distances -- typically greater than 5 miles (8 kin). This
last factor is probably the least well understood.

To accommodate these two conditions, two conversion factors were developed for nighttime --
one for distances of 2 miles (3 kin) or less and the other for distances of 10 miles (16 km) or greater.
A linear function was then fit between these two points.

For distances of 2 miles (3 kin) or less, the frequency of ground-level inversion at the site and
during the season in question, INV1, is compared as a ratio R2 to the values during the test at Fort Leo-
nard Wood. This ratio is used as a simple multiplier, as outlined for the daytime multiplier described
above. Specifically:

R 2  INVI, [Eq 171
INV],

The 10-mile (16-km) multiplication factor is given by the equation:

Rl0 - [(INV3 - INV3,,)/2 + INV3,1/INV3,, (Eq 181

where INV3 is the new location inversion frequency from I to 3000 m and INV3,, is this same fre-
quency for the time period of the Fort Leonard Wood tests.

Eq 18 is based on an inversion frequency up to an altitude of 2000 ft (610 m), because of the
uncertainty, it includes a factor of one-half in the multiplier to make the results less sensitive to large
changes.

Typically, the variations in these inversion frequencies from one location to another and from one
season to another are not very large. Thus, these translation factors do not play a great role in the
overall noise predicted for a facility. Fort Leonard Wood is in the Missouri Ozarks, an area typical of
the type of terrain over much of the continental United States. In mountainous areas or on seacoasts
where special conditions exist, there is some reason to believe that other factors will increase the inver-
sion frequency and increase the occurrence of large amplitude events over what is predicted by these
translation factors. However, there are no data to substantiate that these other factors are present.
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5 BLAST GENERATION -- GROUND EFFECTS

The measurements at Fort Leonard Wood indicated a small degree of data variability caused by
unequal soil motions from one blast to another. To mitigate this variability, subsequent measurements
were performed using 5-lb charges of C-4 plastic explosive placed on a post raised 3 ft (0.9 m) above
ground level. Thus, to compare data developed from above-ground tests with the amplitude statistics
developed from measurements made at ground level, it is necessary to develop an appropriate conver-
sion factor.

The measurements at Fort Sill are described in CERL TR N-60, Acoustic Directn'iwy Patterns br
Army Weapons. Two concentric rings of sensors were used for the Fort Sill measurements. These sen-
sors were placed around the central location where the weapons were fired and test charges of C-4 set
off. Figure 13 illustrates the test setup. The inner ring had a radius of 250 m and the outer ring had a
radius of 500 m. (Because of safety considerations, measurement stations could not be located at the
full circumference of the outer ring, since part of this ring included the impact areas in front of the
weapons.)

For purposes of developing the conversion factor, this chapter will compare the 500 m data gath-
ered at Fort Sill with the 2000 ft (610 m) data gathered at Fort Leonard Wood. The difference of 200
ft (61 m) is accounted for on a 7 dB per doubling of distance basis as about I dB. Since the measure-
ments at Fort Sill only occurred between about 9 AM to 4 PM, only data gathered at Fort Leonard
Wood after 9 AM were used. Also, one day's data at Fort Leonard Wood, a day on which extreme
wind shears occurred and anomalous propagation conditions ensued, are excluded from the data base.

At Fort Leonard Wood, measurements were made in four perpendicular directions. The data
from these four directions in the appropriate time bands have been averaged together on an energy
basis to develop a total average CSEL of 108.8 dB. However, Fort Sill measurements did not com-
pletely encircle the blast site -- Figure 14 shows that stations 13, 14, and 15 have no mirror image
counterpart when reflected through the firing point. Fortunately, the weapons at Fort Sill were fired to
the west during a period when the wind was primarily from the south to the north, allowing good aver-
age values to be developed.

To test the sensitivity of the average value developed for the Fort Sill data to various combina-
tional schemes, live different methods were chosen to determine the average CSEL for the outer ring.
In the first method, data from stations 6, 7, 8, 10, 11, 12, 13, 14, and 15 were averaged together. In
the second method, data from stations 6, 7, 10, 12, and 14 were averaged together to approximate
equal locations about the gun. (Station 14 data were counted twice to approximate its missing counter-
part across the ring.) In the third method, data from stations 1I, 8, 13, and 15 were averaged. (Station
13 and 15 data were counted twice to approximate their counterparts across the ring.) In the fourth
method, data from stations 8, 11, and 14 were averaged together with the average of stations I I and 8.
(The average of stations I I and 8 was meant to approximate the missing station opposite station 14.) In
the fifth method, stations 6, 10, 12, 7, and 14 were averaged with the average of stations 6 and 10.
(The average of stations 6 and 10 was used to approximate station 14.) The results of these five aerag-
ing methods are listed symbolically in Table 9.

Table 9 shows that the various methods of calculating the average around the outer ring all yield
about the same results; i.e., the decibel average of the five different methods is 112.9 dB. Thus, the
raw results from Fort Sill are 4.1 dB larger than the results from Fort Leonard Wood. However, as
pointed out above, the measurement distance at Fort Sill was 1800 ft (500 m) instead of the 2000 ft
(610 m) used at Fort Leonard Wood. Thus, the Fort Sill data as measured are about I dB larger than
they would be at 2000 ft (610 m). Thus, the decibel factor which results from placing the C-4 charge
above ground level rather than at ground level (on ground heavily pulverized by explosives) contri-
butes 3.1 dB to the received CSEL.*

-I-he diference in the Ilt-weighted ,ound-ex ,osure level 11.SH I het .een the ort Sill and ort Leonard Wood nie ,,urcnrents
%as ,lso calculated This diterence w a apprornimately 4.7 or 3 7 dH ter the distance factor of I dB is taken ino wLccount
I h( halt-decibel differenc between the llal-weighted factor inId the (-%cightcd factor is accounted for b% the spv elt shin to

%arttk slightl, lo-cr Irequencies causcd h the bigger amplitudes ichicxed h% placing the ('-4 above ground le cl
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6 WEAPON DIRECTIVITY PATTERNS

Consideration has been given in the preceding chapters to the statistical propagation of biasts in
the atmosphere. All these data are based on 5-lb charges of C-4 plastic explosive set off either abc,,e or
at ground level. However, in any real military situation, a variety of charge sizes may be set off undOr a
variety of conditions. Explosives contained in the projectile fired by artillery or armor can be thought
of as various size explosives set off at or above ground level. Explosives used to propel the projectile
may be any size. Further, partial containment of the propelling explosives within the gun or howitzer
can both alter the magnitude of impulse produced and cause a departure from omnidirectional charac-
teristics.

CURL TR N-60 contains all the data required to perform these translations from a 5-lb charge of
C-4 plastic explosive set off on a 3-ft (0.5 m) post to any charge in a weapon. As indicated in Chapter
5, the directivity pattern and charge weight relations for the various major Army weapons were studied
by performing simultaneous measures on two concentric rings at radial distances of 250 and 500 m.
CERL TR N-60 contains the directivity patterns of the various weapons in relative terms (referenced to
the rear of the gun). Figure 15 is a typical figure taken from that report.

Given the directivity pattern, it is necessary to translate the weight of the charge and weapon to
the standard 5-lb charge of C-4 plastic explosive set off above ground level. Figure 16 graphically
shows the CSEL as a function of charge weight for major Army weapons and for C-4 charges set off
above ground level. Note that as the C-4 charges get substantially larger than 5 lb, the C-weighting
begins to attenuate the energy, thereby causing a departure from what is otherwise a straight line. This
departure from a straight line is not really evident in weapon curves, since containment of the charges
by the weapon apparently precludes the frequency shift from occurring at sufficiently low frequencies.

As one final test of the developed data, it is interesting to compare the growth function vs weight
relations for the C-4 charges to a theoretical prediction performed at an earlier time based on the fol-
lowing hypotheses:

I. The peak of the waveform grows at 2.4 dB per doubling of weight.
2. The basic spectral shift in a blast waveform is one-third-octave per doubling of weight.*

Figure 17 shows the result of the theoretical curves when C-weighting is applied compared to the
results measured at Fort Sill. In this figure, both sets of data are shown relative to 0 dB for a 5-lb
charge of C-4 plastic explosive. For the theoretical calculations, the relative overall composite spectrum
listed in CERL TR N- 13 for all stations and for all times and conditions was used.

Thc 2.4 d8 peak incrcase per doubling of wcight is based on material in CURL. IR .17. Fhe onc-lhirtl.ouaic s pecral .,hill
per doubling of weight is based on 1975 measuremenlts tests at IVor t.conardl Wood designed to cvaluate arnious insirunlenta-
lion systems.
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Table 9
Results of CSEL Averaging Methods

Result
Method Stations Aveuailed, (Method) (SEL)

1 10 +11 +12 +13 +14 +15+ 6+ 7 +8 112.9

2 10 +12+ 6+ 7+ 2 x14 112.6

3 11+ 8+ 2 X13+ 2 X15 113.4

11+8+ 14+-+ 112.9

10+ 6 +12+ 7 +14 +-10+6 112.6
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Figure 13. Location of measurement microphones for Fort Sill tests.
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Figure 14. Position of stations 13, 14, and 15 during
Fort Sill measurements.
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Figure 15. Directivity pattern of a towed I 55-mm Howitzer.
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Figure 16. CSEL vs C-4 charge weight.
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7 CONCLUSIONS

This report developed or summarized the following physical data bases and computational pro-
cedures. Data bases used in the Blast Noise Prediction computer program are:

1. CSEL amplitude statistics vs distance curves for a 5-lb charge of C-4 plastic explosive set off at
ground level.

2. The translation of ground level data to data gathered during tests which set off the 5-lb charge
of C-4 plastic explosive 3 ft (0.9 m) above ground level, i.e., 3.1 dB.

3. The directivity patterns for the Army's major weapons.

4. The charge weight growth functions of the various weapons and explosives.

The computational procedures are:

1. Equations to translate the blast propagation statistics from the Fort Leonard Wood data base to
other geographic locations and other seasons.

2. The algebraic equations and procedures to implement an arbitrary cut off or threshold within
the computer calculation procedures.
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APPENDIX A:

MEASUREMENT AND REDUCTION OF CLOSE-IN
DATA AT FORT LEONARD WOOD

This appendix describes specific procedures used to gather close-in data from unmanned sensing
stations during blast noise measurement at Fort Leonard Wood."

Each unmanned sensing station consisted of a 1/2-in. 4134 B&K microphone set on top of a 4-ft
(1.2-m) tripod and connected via a B&K 2619 emitter follower into a B&K 141 field measurement
amplifier. The data signal from the measurement amplifier was transmitted back to the central meas-
urement van via twisted pair lines.

The central measurement van instrumentation included Neff operational amplifiers used as line
receivers and gain adjustors before recording on an Ampex FRI 300 14-channel FM recorder. The gain
of the 141 field amplifiers was controlled remotely in the central measurement van via a second set of
lines to each station.

Calibration was performed several times a day using B&K 4220 precision acoustic ("pistonphone")
calibrators. This calibration signal was recorded on the magnetic tape.

Data were reduced by playing back the recorded data into a storage oscilloscope and into the
CERL-developed True Integrating Environmental Noise Monitor and Sound-Exposure Level Meter.
The oscilloscope was used to view each blast individually and to separately read the positive-going peak.
the negative-going peak, and the peak-to-peak amplitude. By this checking procedure, the quality and
validity of these data were better ensured.

During the data reduction, a digital delay line was used in-between the FM recorder and the
CERL noise monitor. This delay line triggered the monitor so that it only included in the exposure
measure that period of time associated directly with an individual event. Special timing equipment
enabled the CERL monitor to also sample the overall background noise level (electrical plus acoustical)
associated with each event. When the monitor was interfaced with the WANG computing calculator, it
was possible to automatically correct each event for the background noise level and to flag any events
which were too close to the background noise level. The CERL monitor was used to develop both
FSEL and CSEL data.

These data -- peak levels, FSELs, and CSELs -- were then installed in a computer for further
analysis; this analysis included the histograms in Appendix B. The computerized data base was also
used to develop the ground level blast amplitude correction factor.

P. I). 'homer, R. J. (6off. and Ll. Mr. Little, The .taritics ol *Ilpliflak' am/ Spccirtipti ofl Hlas% PpM lvited ti ihi ,itim ph i.
Volumes I and II. TR N- I3AI)A033361 and AI)A033640 f(i-RL. November 1976).
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APPENDIX B:

AMPLITUDE DISTRIBUTIONS

Data collected from the close-in stations at Fort Leonard Wood were divided into two categories:
(1) data which were good, clean signals and could be analyzed by the CERL monitor, and (2) data cor-
rupted by extraneous noise or otherwise unreducible. The following distributions are based only on the
data described in (1) above.

CSEL distributions were created based on the three distances: 1000 and 2000 ft (305 and 610 m)
and I mile (2 kin); and two time periods: 0500 to 0700 hours and 0700 to 1100 hours. As was previ-
ously done in CERL TR N-13 and explained for the far-out distances, the 0700 to 1600 hour histo-
grams were given a one-fourth weighting and the 0700 to 0900 histograms were given a three-fourths
weighting to better approximate a typical day's weather conditions. Figures BI through B6 illustrate
these six distributions. As these figures show, each distribution could be divided into two or more
ranges using one or more natural breaks. Table BI lists the initial and adjusted final breakpoint values
which are indicated in the figures by arrows and dashed vertical lines, respectively.
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Table SBI
Extent of Ranges (0B)

Tim. Distances
Period ft (M) RAngel P Range 2 Pimp30 Rng40

ExN N D F

0700 to 1000(305) -- 106-118 119-125 -

0500 hours 2000(610) 50-96 97-108 109-119 -

5280(1640) 50-83 94-95 96-109 110-135

0700 to 1000(305) 50-104 105-118 119-118 -

1100hours 2000(610) 50-96 97-109 110-120 -

5280(1640) 50-87 88-98 99-108 109-135

*Range headings refer to sound velocity profile:
ExN =Excess negative

N =Negative
B = Base
F =Focus
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APPENDIX C:

EFFECT OF DISTANCE. WIND DIRECTION, AND TIME OF DAY

Figure CI illustrates relationships between surface wind direction, time of day, and distance.* In
this figure, the data are divided into 144 cells based on the following categories:

1. Four basic sound velocity profile categories (double negative, double positive, positive-
negative, and negative-positive gradient)

2. Three time periods (0500 to 0700 hours, 0700 to 0900 hours, and 0900 to 1100 hours)
3. Four distances (2, 5, 10, and 15 miles [3, 8, 16, and 24 km])

4. Three wind directions (downwind, crosswind, and upwind).

The number of blast measurements and the energy average levels were entered in each cell; the
cells were then aggregated into 16 larger groups based on the four sound velocity profiles and the four
distances. Within each group, each of the three time periods were examined, if one wind directive was
significantly larger than the others, it was marked with a square for downwind locations and a circle for
upwind locations. (No crosswind locations were found to have the highest level.)

This analysis revealed that at the shorter distances and at later hours in the day, the downwind
stations recorded the highest amplitude levels. At greater distances and at earlier hours of the day, the
upwind stations recorded the highest amplitude levels. This was a rather unexpected result, since it is
contrary to results given in the literature; however, earfier studies did not measure noise in the early
morning hours. The fact that downwind stations do not always or necessarily experience the highest
noise levels is quite significant in predicting both noise levels and community response.

Blast data from catcgorics I through 4 were considered For this analysis. IHowever, since on. directions within -t degrees 1t
crosswind, downwind, or upwind wcre used to increase the chance olftinding i signilicant relationship. the actual numiL o
measurements wits limited to 6739.
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APPENDIX D:

A METHOD WHICH FORECASTS SEASONAL
OMNIDIRECTIONAL SOUND-EXPOSURE LEVELS
USING METEOROLOGICAL CONDITIONS

The studies cited in this appendix have examined sound propagation in the atmosphere and
reported the phenomenon of focused acoustical energy at large distances from sound sources.

General
Impulse noise from explosions provides a measurable quantity for testing and also represents a

type of acoustical energy which is liable to cause structural damage to buildings and an extreme nui-
sance to the population. The goal of research groups such as the Ballistics Research Laboratories and
Sandia Laboratories has been to develop procedures which can predict sound propagation paths and pos-
sible focused energy in specific blast-by-blast conditions. Most of these studies include all parameters
that could affect acoustic wave propagation including (1) directionality of blast source, (2) height of
source with respect to ground, (3) terrain types, (4) vegetation, (5) humidity, (6) low-level air tur-
bulence, (7) temperature gradients, and (8) wind. The theoretical results of these studies generally
agree. 7 The parameters which these studies indicate play the major role in determining sound propaga-
tion paths are temperature gradients, wind, and major terrain variations.

This appendix applies temperature and wind parameters to develop a method of defining total
energy curves in four directions for any geographic location. These total energy curves exhibit the
amount of energy that will occur at a particular distance away from the source over whatever period of
time is desired, e.g., a season. The total energy represents the summation of all the types of energy
that are directed to specific locations and is representative of the type of weather conditions that
occurred most often during the test periods.

Terrain effects are not considered, since there is currently no way to define how physical charac-
teristics such as large land forms and water bodies alter sound propagation paths.

The method described in this appendix is defined by comparing meteorological data with impulse
noise data taken simultaneously during tests performed in June 1973 at Fort Leonard Wood.

Theory
The prediction of sound propagation paths requires a thorough understanding of not only acoustic

wave theory, but also the effects of atmospheric structure on certain properties of the acoustical wave.
Using an explosion as a noise source is theoretically equivalent to a spherical source mounted in an
infinite baffle, which will radiate a hemispherical sound wave until atmospheric and terrain characteris-
tics alter the propagation.

A strong explosion will initially exhibit the classical pressure-time signature shown in Figure Dl.
which consists of a sharp compression followed by a gradual pressure decay into a rounded negative-
pressure phase and gradual recovery. This blast wave attenuates very rapidly into a sound wave (the
terms "blast wave" and "sound wave" will be used synonomously in this appendix).

Using a simple atmosphere model in which temperature is constant with ascending altitude and
wind is not present, the sound wave travels away from the source in a hemispherical fashion. If specific
sound ray paths were drawn for this model, the picture would be similar to spokes around the hub of a
wheel (Figure D2; this figure also shows the associated sound velocity profile of zero gradient). The
diagram showing the ray paths in Figure D2 is called "ray tracing," and will be used to designate other

H. Perkins. Jr.. P. It. I.orrain. and W if. lownsantt. Ihrectu it.. hIrI ' tt ilr 8kI.%t l .w 1hpIt'ficorlod(IRQl Cm itU? i/,
I.,L'mr Aommsphlre. Report No. II IK (Ballistics Research Laboratories. I70). It. Perkins. Jr and W F. Jackson. landlitA I,,,
Pr'djif'ion ql.4,, Am fmt,.m.t. Rcport 124) (Ballistic, Rcsearch Laboratories. l%4, and J. W Reed. 4coustit Wa, Efi, I1,
ct: 4trhlav, iAvelattoi I, hequ. S(-M-6-332 (Sandia Iahoratorics. May I%4)
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types of gradients later in this appendix. Note that the sound ray paths merely represent the direction

uf travel of a sound wave front.

The ray tracing in Figure D2 is based on the fact that there are no parameters affecting the acous-
tic properties. Therefore, the sound speed is constant everywhere. It has been shown that in this sim-
ple atmosphere model, the amplitude of sound is inversely proportional to the distance from the
source.' Thus, energy density is inversely proportional to the square of distance. This represents the
normal rule of thumb for sound pressure level (SPL); i.e., SPL decreases by 6 dB each time distance is
doubled. This incremental SPL decrease is the normal attenuation to be expected with lateral distance.
If an energy density curve defines the SPL as declining by less than 6 dB per doubling of distance, it is
assumed that the sound energy was reinforced at the particular distances by some interaction with the
atmosphere.

When sound energy is reinforced, sound ray paths become reflected and refracted in the atmo-
sphere in a way similar to the effect of a lens or prism on light. Researchers such as Reed, Perkins,
and Thompson, have explained that the variation of sound velocity with altitude causes the bending of
sound ray paths." Variation of sound velocity with altitude is dependent on temperature and wind
changes with rising altitude and can be represented by sound velocity profiles where the sound velocity
(in m/s) is represented by:

SV - 331.6/I + T/273 + wind component [Eq DII

where T is the temperature in degrees centigrade.

As a general rule, wind speed increases and temperature decreases with ascending altitude. This
simple rule is usually visualized in a sound velocity profile as a negative gradient. The negative gra-
dient profile and its ray tracing can be seen in Figure D3. Note that the sound ray path in Figure D3 is
bent upward, creating greater than normal attenuation with lateral distance.

Temperature or wind speed increases with altitude cause the sound velocity profile to have a posi-
tive gradient. A simple positive gradient profile along with its ray tracing is seen in Figure D4. A posi-
tive gradient causes amplification of sound energy by bending the sound ray paths back to the surface.
The types of sound velocity profiles that produce sound-energy focusing are those that have a drastic
change in slope at some altitude above the surface. Methods of ray tracing have been explained by Per-
kins and Thompson.10

Because it is very rare for the atmosphere to be completely stable, the conditions for alteration of
sound ray paths are always present. The problem becomes one of determining where sound energy
could focus under a given sound velocity profile. The sound velocity profile is, in turn, dependent on
weather conditions. Therefore, a discussion of weather and its diurnal variations is necessary.

Diurnal variations in meteorological elements are caused primarily by the sun heating the tem-
perature of air. For example, surface winds are created when air flows toward the area of highest heat-
ing. The speed of surface winds increases gradually from sunrise to approximately mid-afternoon,
when the maximum air temperature is reached. However, as the heating effects of the sun decline dur-
ing the late afternoon to just after sunset, the wind speed rapidly falls. Wind speed declines only
slightly during the rest of the night. Of course, the surface wind speed rarely approaches the magnitude
of high-altitude air movement, which can be considered almost constant for short-term studies.

When considering temperature variations, the ground becomes another important parameter.
During the day, the earth acts as a bank of heat, absorbing the sun's energy. The air near the surface is
then heated by conduction from the ground.

L. L.. Beranek. ,Nome Red(titui (Mc(iraw- I i(.
J. W. Reed. A(oui.%ilc IfIae ljkeu Pra/ t: .4irhhblw I'Pd'n lmt lotquttc(. M(-M-')-332 (Sandit I a iorairics. Ma% I 461. K Per-
kins Jr., et al. totreasfi, tII, focu% o( .fir Bla w I oue l' Mewtir(m t it l ( ondstiws in the Iovc .Imnuphid're. Rcpr I N I 1 IX
(Ballistics Research Lahoratorics. 1960). R J. 1 hoi( pson .. Sotd Rai% it flit lipim pherc. S(-RR-,4-7i ,, Sandm t abh ratorics.
January 1965); and R. J., thompson. (Conipu im.g, Somd Ray Plati i tit Pric of ! If iotd. SC-RR-67_6- 3 (Sandia I ahoraori,.
February 197).
B. Perkins. Jr.. P. II. Lorrain. and W. II. 1 (wnsantd. orcatog tt , he, o t( i% l fir MBost l )ti" to tlfe' ri Ki' gt al ( otitiot it th
I.s'ser Aufnosplirc, Report No. I I 19 (lallistic% Research L ahoratorics. 19NI ; R, J I hompson. .vuid Ra i t e .41o"n.pherc.
S(-RR-64-1756 (Sandi; I ahoraloric%. January 195).
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At night, the earth's outgoing radiation exceeds the incoming. Therefore, the surface loses the
heat it gained during the day and subsequently cools. As the temperature declines at the surface, the
air near the surface is cooled by conducting its heat to the ground. When this occurs, temperature
inversions are formed in which temperature actually increases with height. This effect tends to trap the
lower air layer, which is sometimes visible as fog when condensation also occurs. When the sun rises
again, the ground and air near the ground is reheated. The heated air pushes the inversion layer
higher, and as the day progresses, the inversion layer is dissipated by the sun and the wind. It is impor-
tant to note that this inversion layer (in some cases many inversion layers) is the prime cause of sound
energy focusing.

It is also important to note that the wind can affect sound propagation paths. Sound velocity is
strengthened downwind and retarded upwind, therefore, the sound velocity profile is different in each
direction and must be considered when determining locations for sound energy focusing (Figure D5).

Development
To define blast noise data in an area simply by manipulating weather data, acoustical theory must

be applied to the weather conditions and the impulse noise source. This will allow theoretical blast
statistics to be forecast. Then, by comparing the predictor set with the actual blast data, a relation can
be devised to reduce error in prediction and finalize the method of obtaining predicted blast energy
curves. Because this method should be applicable at practically any geographic location and should
represent seasonal means and standard deviations, not specific single-time events, certain simplifying
assumptions can be made:

1. To evaluate meteorological effects, major terrain variations can be neglected.

2. The sound source is nondirectional (although the initial product of a blast is a shock wave, it
quickly deteriorates into a spherical acoustical wave).

3. Only diurnal variations have to be considered, since large-scale meteorological conditions such
as pressure zones and weather fronts change slowly and remain sufficiently constant for about 8 hours.

Data Compilation
The actual blast data used to derive the method described in this appendix were compiled by

Schomer at Fort Leonard Wood in June 1973.1' These tests consisted of 735 noise-monitoring trials
using stations located in each of four directions 2, 5, 10, and 15 miles (3.2, 8.0, 16.1, and 24.1 km)
away from the blasting site. During all tests, an FAA plane collected both temperature and wind data
at various altitudes. Unfortunately, the FAA weather data could not be completely used because of
instrument errors and a controversy which subsequently arose concerning the reliability of the FAA
data. It was possible, though, to use weather data recorded by radiosonde methods at Monette, MO.*

To compare weather conditions with blast statistics, data over the same period of time must be
used. Weather stations make their radiosonde observations only twice a day -- at 1200 Z (Greenwich
Mean Time; 6 AM Central Standard Time [CST]) and 0000 Z (6 PM CST). Since the Fort Leonard
Wood blast data were only collected from 5 to approximately I I AM CST, the obvious choice of
weather data was that collected at 6 AM. Therefore, if this choice of weather data is considered as the
average condition for the period of 6 to 8 AM for the particular data, the blast data that should be used
are those that occur within that same period.

The Fort Leonard Wood blast data were listed at each recording station in terms of the number of
occurrences of each decibel level. To produce the actual total energy curves, all the data were summed
on an energy basis at each station. This produced 16 energy totals -- one for each

v 1) Schomerc , R. J. (ioll'. a~nd L. M . Lit tle Mle S11111ftw% 14 1111141111th. 1111dl .%Nlkii Iono 1011%1% Pi ,p(.itagtd In 1/1 (li yics ,
Volunies I and II, IR N-I13/AI).AID ,I.I and Al)rAI).3b.lT4(J RI , Nor enhr 1970).
Sir usc in a crl"ete calculations, nanipulatIin ii wealhet data iot ,hlaincd (ircell v at the hlating it. is avelpi'tahh' %%hci the
data oillec tin point i, reasinahl 'iv ncor the hlal silte and ii mno iaor ltrain changes or hmae% ar heiwecit IN: h^la1%ile" It.nd
datla .'illec .. n pl int. I hcrclore. it is prohahle thai weather %laion data can usua~l. hC ucd to deline hla%1 %llitic%
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direction. Therefore, the weather data had to be reduced to 16 predictor numbers if it was to be related
to the energy data.

Weather Data Predictors

Radiosonde weather data are listed in terms of temperature, wind speed, and wind direction at
various altitudes. To develop appropriate predictors, an understanding of the physics of sound propaga-
tion is required. Previous researchers have determined that the path sound waves follow in the atmo-
sphere is reflected and refracted. '2 This path is dependent on the shape, magnitudes of gradients, and
altitudes of the base, or top of inversions, of the sound velocity profile. The sound velocity (in m/s) at
each altitude can be calculated by the following relation:

SV = 331.6(1 + T/273)"12 + DW [Eq D21

where T is the temperature in degrees centigrade, DW is the wind component in the direction under
investigation, and SV is sound velocity.

The Ballistic Research Laboratories simplifies this equation to:

SV = (0.6096) T + DW [Eq D31

This simplification results from the fact that sound paths are determined from changes in the sound
velocity profile, rather than changes in the actual magnitudes. The sound velocity increases 0.6096 m/s
for a rise in temperature of I°C. It can be seen that the sound velocity profile is affected equally in
every direction by temperature structure, but that the wind component is different for different direc-
tions. Therefore, the sound velocity for each direction must be computed for each day considered and
at each altitude considered. Figure D6 shows an example of how the sound velocity profile differs for
each direction.

The sound velocity profiles must be categorized into standard groupings so they can be added to
develop weather statistics. The most obvious categorization is the shape of the sound velocity profile.
This is an important parameter because the shape of the profile determines whether focusing,
amplification, normal attenuation, or silence will occur at any given distance. The five shapes that were
chosen to represent all possible combinations are shown with their ray tracings in Figure D7. These
shapes were also pointed out by Perkins as the most common and important shapes among those that
can occur.13 Within each category, the "mean" altitude of change and magnitudes of gradients, along
with their standard deviations, are calculated after summing the sound velocity profiles (in their respec-
tive categories) for all the days during which actual blast data are collected. (It is possible to determine
how often each type of profile occurs by tallying the profile categories and developing the percentage of
occurrence of each type of profile.)

B. Perkins. Jr.. I' I ILorrain, and W , II. lown,,anId. Itr , 'atsUi iI Iiiiii of fit /iluig I)If(. ii thu ,1r foci, al ( soihiii ,i
I.m'v'r .timntplwr,. Report Ni, I 118 (Hallistics Rescarch I a oratories, 11m0). It. Perkins. Jr and Vk . I. Jackson. Iladh,,,,t, l.
Pr,'diction ofI Air Hla.st /oiusing. Report No. 1241) (lallistics Research laboratrric,. 1464) J W. Reed. .Iitois If a i If ' # ,,
v'it. ,lir HBlaw Predictmn "1v(Ihiiqou'. S('-M-69-332 (Sandia Laboratories. May I*.()) T. M. (ieorges and S. 1: ('lilrd. " .%cou.-

tic Sounding in a Refracting Atmosphere," Jouirnal I IoIustiua( Siociiiv of .ppieriuo. Volume 21. Numb'er 3 IMay 195.1 %,
Ingard. "A Review of ihc Influence of Metcorological Condilions on Sound Propaation." Jurna lI t .4.n- miioal ,5 (o i
America. Volume 25. Number . (May 1953) and F. F. (ox, II. J Plagge, and J. W Reed, "Metcorology )irccts Where Blast
Will Strike." Bulltin othe, American ,fe.tlvorologwal ,si.c, Number 3 (March 1954)
B. Perkins. Jr. and W. F. Jackson. Iaundh.o/, for Prediction of Air Blasr Iocu'.in,, Report No 1240 (Ballistics Research Labora
tories. 1964).
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From this point, the met.hod developed at the Ballistics Research Laboratories can be used to
transform each of the five sound velocity profiles, which now represent the average profile of each
category, into the set of predictors. There are two ways of using the Ballistics Research Laboratories'
method. One way is to consider not only the paths of the "mean" profile but also the "mean" + "stan-
dard deviation" profile of each category. These can be thought of as developing a scatter of sound velo-
city profiles. This method can be computerized.

To further test the choice of predictor method, the data collected during the Fort Leonard Wood
tests were used. The time period was extended to an all morning period of each day (6 to I I AM) dur-
ing the entire 3 weeks of the experiment. Weather data for the period following 8 AM were forecast
based on typical diurnal variations. These forecasted weather data were used to develop an enlarged set
of predictors. From these predictors, the total energy curves for 8 to 11 AM were estimated and added
to the total energy curves from 6 to 8 AM to determine the predicted curves for all morning blast
activities. When these predicted total energy values were compared with the actual values, a correlation
of 0.90 was found. The actual and predicted total energy curves for each direction are plotted in Fig-
ures D8 through D I1.

Method
The following describes a step-by-step method of predicting total energy curves representing blast

propagation statistics for any location using meteorological data obtained at a weather station near that
location. To provide a representative example, tables are presented which list data collected during the
Fort Leonard Wood experiment.

Generally, predictions should be made for 2-hour time blocks. If a much larger period than 2
hours is required, it is suggested that (1) the energy curves for 2- to 3-hour periods be computed, and
(2) energy curves of all the periods be summed to produce the total energy curves for the larger time
block.

Only data taken up to an altitude of 200 m above ground level are required.

Preparing Weather Data
If weather data are not available for the particular time period desired, or if large blocks of time

are required, data can be predicted from weather station data for another time by consulting diurnal
variation characteristics at the given location.

Radiosonde-recorded weather data can be obtained from the nearest National Weather Station for
any season desired, at 1200 and 0000 Z cf each day (Table D ).

1. Weather stations list altitude data in geopotential meters above sea level. When developing
these data, altitude units must be converted to meters above surface level. In the weather station list-
ing, the ground level altitude (geopotential meters above sea level) is denoted as G. By defining the
parameter M as a weather station altitude and F as the desired altitude listed in meters, the following
equation can be used to produce the correct height:

F- (0.98) '1M-GI [Eq D41

2. The wind components (in m/s) in each of four directions (North = 00, East = 900, South =
1800, West = 2700) for each day and for each altitude throughout the season in question are calculated
by:

North wind E = NW = W cos(180°-O)
East wind E = EW = W sin(180°-O) [Eq D51
South wind E - SW = -NW
West wind 3-= WW -EW
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where W is the wind speed in meters per second and 0 is the direction of the wind listed in degrees.

3. These data can be listed in tables which include the temperature and wind date for each alti-
tude (Table D2).

Developing Sound Propagation Statistics

1. The weather data listed in Table D2 can be completed by using the Ballistics Research Labora-
tories simplified sound velocity estimation, which is represented in the following relationships. Note
that these values are all dependent on altitude.

SV North = SV N = 0.6096T + NW
SV East SVE = 0.6096T + EW
SV South SV = 0.6096T + NW IEq D61

SV West SV, = 0.6096T + EW
2. Next, the four sound velocity columns representing the sound velocity profiles for each day

must be scanned to determine (a) the shape of the profile, and (b) the appropriate gradient magnitudes
and altitude levels. The five categories of sound velocity profiles are shown in Figure D7, along with
the appropriate parameters that are to be distinguished. A table similar to that shown in Table D3
should be prepared for each direction, listing each occurrence of a particular profile over the season in
question.

% - Percent occurrence = type total occurrencetype total occurrence

Blast Statistics Prediction

1. The heuristic approach that follows requires knowledge of sound propagation theory. Using
the mean sound velocity profile data for each type of profile (e.g., Table D3) and the example cases in
Ballistics Research Laboratory Report No. 1240 requires that ray tracings for each type of profile in
each direction be drawn.

The ray tracings in Figure D7 can be used as a guide to assign weighting factors to the ray tracings
developed from the sound velocity "mean" profiles. A weighting factor is necessary for each distance
desired.

As a computational method, an electronic ray tracer can be used to produce sound propagation
diagrams from the sound velocity profiles described by the means (js) and standard deviations (+ orl in
Table D3. To make these cound velocity profiles representative, the ju, (,a + (Y), and (A - (7) condi-
tions must be traced. How focal areas vary with the shape of the profile can then be observed. When
considering how to assign weightings at a given distance, a bell curve is plotted around the distance at
which the "mean" profile defines a focus. Then, as an approximation, the standard deviation points on
the bell curve can be weighted as the mean weighting minus 1. Figure D12 is an example of the com-
bination of s, and (, + (r) sound velocity profiles.

The "scaled percentage" label (Table D4) actually indicates factors which are determined from that
category in which the percent of occurrence of a type of profile exists as described in Table D5.

If the distance-dependent predictor is labeled as P(d), the scaled percentage as Xi, the type
weighting as Yi (where i = 1, 11, Il, IV, V), and the distance as d, then the following equation com-
pletes the prediction method:

P(d) - ,XiYi(d) [Eq D81

where P and Yi are dependent on distance. Note that Yi represents the weighting factors which are
determined by comparing the averaged sound velocity profiles with those examples in Figure D7. Fig-
ure D7 shows the type of weight to be assigned at different distances and various sound velocity types.

The predictors, P(d), are not the total energy values. An equation is needed that relates the pred-
ictor set to the actual total energy set. A suitable relation is found by forming a linear regression (the
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sum of the least squared differences) between the set of predictors found and the set of actual total
energy data for the Fort Leonard Wood experiment. The line of regression produces the following rela-
tion:

Total (Energy) SEL - 0.076P + 98.9(dB) [Eq D91

where P and Total Energy are not dependent on distance. When applying a distance criterion, the nor-
mal attenuation factor must be incorporated. Then the final equation including distance dependence on
the Total Energy (in decibels) becomes:

Total (Energy) SEL(d) = 0.76P(d) + 98.9 -22.3 log, 1(d) [Eq 1101

The result is a Total (Energy) SEL for each distance in each direction.

Results
The results of using the method described in this appendix on the Fort Leonard Wood weather

data are listed in Table 136, and are compared to the actual total energy data for the periods in question.
Note that for the larger time period of 6 to I I AM for the 3 weeks in June 1973, the predicted set was
formed by adding columns 2 and 5 on an energy basis.

Graphical results for the 6 to 8 AM period are presented in Figures D8 through D 11. These
graphs show that the shapes of the actual and predicted curves are similar.

The validation of the accuracy of the method described in this appendix is demonstrated by the
resulting correlation between the predictor set and the actual total energy values. It was found that the
set of predictors had a correlation of 0.904, which states that approximately 82 percent of the variability
of total energy is caused by the weather predictors selected.

Discussion

The method described in this appendix may provide an improvement over other methods used to
forecast blast statistics at various geographical areas. These other procedures are based on a compara-
tive ratio system to an example situation, whereas this method provides a direct calculation. The
method described in this appendix successfully predicts the amount of sound exposure at locations sur-
rounding a blasting site. The amount of energy defined is an average dependent on weather characteris-
tics during the period of time in question. However, more data are required to validate this procedure.
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Table DI
Example Weather Station Data

e w
Level T (Wind (Wind

Date Presure (Geopottial) (Temperature) Relative Direction) Speed)
(month/day) (miUibars) () (C) Humidity (degrees) (mis)

6111 966.1 G = 438 19.0 0.92 170 2
950.0 584 21.7 0.92 210 5
949.0 593 21.9 0.89 212 6
900.0 1053 19.4 0.82 221 11

Table D2
Example Converted Weather Data

Altitude
Date Altitude (m) (F) Temperature NW EW SVN SVE SVs  SVw

(month/day) (Geopotential) (m) (C) (m/s) (M/S) (mls) (mis) (mls) (m/S)

6/11 438 0 19.0 1.97 -0.35 13.55 11.23 9.61 11.93
584 146 21.7 4.33 2.50 17.56 15.73 8.90 10.73
593 155 21.9 5.09 3.18 18.49 16.58 8.31 10.22

1053 615 19.4 8.30 7.22 20.13 19.05 3.53 4.61
1544 1138 16.7 8.19 5.74 18.37 15.92 1.99 4.44
2059 1621 13.3 8.40 3.23 16.51 11.34 -0.29 4.88
2326 1888 11.5 8.65 2.48 15.66 9.49 -1.64 4.53
2600 2162 9.9 9.51 3.09 15.55 9.13 -3.47 2.95

Table D3
Direction: South

Accumulation of Sound Velocity Profile Types

- Type I Type 2 Type 3 Type 4 Type 5
I I III Alt. 52 Alt. 82 i1 AL 12 91 Alt. 52

-0.006 0.0114 175 -0.004 0.0063 175 0.0115 -0.0045 625 0.004
-0.0053 0.0074 625 -0.005 0.0017 375 0.003 -0.015 625 0.003
-0.004 0,020 175 -0.0024 -0.0195 625 0.0047

0.044 175 -0.004 -0.0034 175 0.0058
-0.030 175 0.006
-0.008 625 0.007
-0.003 375 0.0054

-0.0051 0.0182 355 -0.0037 0.004 275 0.0073 -0.0119 460.7 0.0051
O0.001 0.0153 246.5 0.001 0.0033 141.4 0.0060 0.0101 215.5 0.0013
w 3 4 0 2 7
% 18.75 25 0 12.5 43.75

*M is the column mean.
a is the column standard deviation.
w is the number of entries in the column.
% is calculated from w and the total number of events.
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Table D4
Direction: South

Predictor and Total Energy

TYPE =
Scaled I !1 [i IV V TotalEnergy

Percntap 12.5 37.5 0 12.5 37.5 Predictor (dB)

3.2 km 1 3 0 3 2 237.5 132.3

8.0 km 1 3 0 5 2 262.5 125.4

16.1 km 1 2 0 5 4 300.0 121.5

24.1 km 1 2 0 3 6 350.0 121.4

Table D5

Percentage of Occurrence of Types of Profiles

Actual Percentage Scaled Percentaee (Xi)

0-25% 12.5
26-50% 37.5
51-75% 62.5
76-100% 87.5

Table D6
Results

Colunm No. 0 1 2 3 4 5 6 7 8

Time Idod = . 6:00-8:00 AM 8:00-11:00 AM 6:00-11:00 AM

(dB) (dB) (dB) (dB) (dB) (dB)
(dB) Predicted Actual (dB) Predicted Predicted Actual

Distance Predictor Total Total Predictor Total + Total Total
Direction (kin) P(d) Energy Energy P(d) Energy Energy Energy

3.2 300 116.1 116.0 337.5 119.0 120.8 118.6
North 8.0 262.5 104.2 105.4 212.5 100.2 " 105.7 1 1 C

16.1 275 98.5 100.0 212.5 93.5 .6 99.7 104.1
24.1 137.5 83.6 88.8 200 88.6 v 89.8 94.1

5.2 325 118.0 116.3 300 116.1 e 120.2 119.8

East 8.0 325 109.2 108.7 300 107.2 111.3 112.4
16.1 300 100.5 100.4 237.5 95.5 1 101.7 104.5
24.1 212.5 89.6 85.5 I50 84.6 a 90.8 92.7wl

3.2 237.5 111.1 107.0 250 112.1 114.6 108.7
South 8.0 262.5 104.2 106.6 200 99.2 105.4 107.916.1 300 100.5 102.8 212.5 93.5 101.3 104.5

24.1 350 100.5 99.5 300 96.6 1 302.0 100.20

3.2 262.5 113.1 109.1 212.5 109.1 114.6 111.2

West 8.0 187.5 98.2 98.2 187.5 98.2 101.2 103.1
16.1 I$0 88. 91.5 187.5 91.5 93.3 96.8
24.1 212.5 89.6 84.6 ISO 84.6 90.8 90.0
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Figure D1. "Pure" blast pressure fluctuations.
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Figure D2. Zero gradient condition model and corresponding ray paths.
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Figure D3. Negative gradient sound velocity profile and
corresponding ray paths.
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Figure D4. Positive gradient sound velocity profile and
corresponding ray paths.
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Figure D5. Directional wind effects -- sound velocity
profile and ray paths.
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